Purpose-To investigate how extracellular matrix mechanical properties influence cell and matrix patterning in three-dimensional culture.
roles in regulating growth and function in a variety of cell types. 14-19 The formation of focal contacts and stress fibers by fibroblasts are tension-dependent processes, 20-22 and these structures tend to align along the tensile axis under anisotropic conditions. 23-26 Alignment and global force generation parallel to the axis of greatest mechanical resistance by dermal fibroblasts, myoblasts, and bone marrow stem cells have also been documented in threedimensional (3-D) culture models. 27-31 However, the effect of ECM anisotropy on corneal fibroblast behavior has not been assessed. Furthermore, these previous studies were performed using high cell densities, which does not allow detailed investigation of the underlying pattern of matrix reorganization at the cellular and subcellular levels. Thus, the effects of matrix anisotropy on the local pattern of cell-induced ECM remodeling (i.e., compaction and alignment of collagen fibrils) have not been directly assessed.
Confocal microscopy allows quantitative assessment of local changes in ECM organization within 3-D collagen matrices. [32] [33] [34] [35] [36] [37] In the present study, we applied this technique to directly investigate the role of ECM mechanical anisotropy on corneal morphology and matrix patterning using an in vitro 3-D culture model. Human corneal fibroblasts were cultured at low density within rectangular collagen constructs with varying degrees of mechanical constraint along the long axis. Overall, significant differences in cell alignment, morphology, and matrix reorganization were observed between constrained (anisotropic) and unconstrained (isotropic) matrices. Cells were aligned nearly parallel to the long axis of the construct in constrained matrices, whereas cells in unconstrained matrices showed no preferential orientation. At the ends of cells, local collagen density and degree of cell/collagen coalignment were higher in constrained matrices. Taken together, these data demonstrate for the first time that under anisotropic conditions, isolated corneal fibroblasts tend to align and compact collagen parallel to the axis of greatest effective stiffness. This effect was observed several millimeters away from the location of the physical constraints, indicating that collagen ECM is an effective conduit for long-range transmission of mechanical forces. Interestingly, in regions of higher cell density within constrained matrices, additional bands of compacted and aligned collagen spanning between adjacent cells were often observed, suggesting mechanical coupling which leads to local amplification of matrix patterning.
Materials and Methods

Cell Culture
Experiments were performed using a previously characterized telomerase-infected, human corneal fibroblast (HTK)-extended lifespan cell line. 38 HTK cells were cultured in serumcontaining (S+) medium consisting of Dulbecco modified Eagle medium (DMEM; Gibco Invitrogen Cell Culture, Carlsbad, CA) supplemented with 1% penicillin, 1% streptomycin, and 1% fungizone (BioWhittaker Inc., Walkersville, MD) and 10% fetal bovine serum (Sigma Chemical, St. Louis, MO).
Collagen Matrices and Constraints
Rectangular collagen constructs were prepared as described previously. 31,30 Briefly, 2 mL type I bovine dermal collagen (3 mg/mL; PureCol [Inamed Corp., Fremont, CA]) was added to 0.2 mL of 10× MEM. After dropwise neutralization with 1 M sodium hydroxide, a suspension of 60,000 HTK cells in 0.2 mL DMEM was added to the collagen mixture. The solution containing the cells and the collagen was poured into a 30 × 10 mm well and was allowed to set for 1 hour at 37°C. Three different models were used (Fig. 1) .
Unconstrained (UN)-After 1-hour incubation, constructs were released from the bottom of the well and allowed to float in S+ medium (Fig. 1A) .
Partially Constrained (PC) along the Long Axis-The two short ends of the construct were attached to plastic bars precoated with collagen (these bars are placed into the well before pouring in the collagen/cell solution). After 1-hour incubation, constructs were released from the bottom. One plastic bar was held in a fixed position, and the other was attached to a flexible copper-beryllium beam that allowed linear elastic displacement (Fig. 1B) .
Fully Constrained (CO) along the Long Axis-The two short ends of the construct were attached to plastic bars. After 1 hour of incubation, constructs were released from the bottom. Both bars were held in a fixed position (Fig. 1C) .
Experiments were performed with and without cells and were repeated twice (n = 3 for each condition).
F-Actin Staining
After 24-hour incubation, constructs were immediately fixed in 4% formaldehyde for 1 hour and permeabilized with 0.5% Triton X-100 in phosphate buffer for 3 minutes. Cells were then incubated in phalloidin (Alexa Fluor 488, 1:50; Molecular Probes, Eugene, OR) for 60 minutes and washed in phosphate-buffered saline (3 times, 5 minutes each).
With the use of finite element analysis, Eastwood et al. 30 have established that the principal mechanical stress that develops during cell-induced matrix contraction is aligned parallel to the long axis of PC or CO rectangular collagen constructs in the central region (Fig. 2 , A-zone). This anisotropic behavior is caused by uniaxial constraint along the long axis. They also established the existence of stress-shielded zones adjacent to the plastic bars at the ends of the constructs (Fig. 2, D-zones) . In contrast to the A-zone, the mechanical properties of the Dzones remained isotropic during contraction because of stress shielding by the bars. The relative sizes of these two zones are approximately 70% for the A-zone and 15% for each of the two D-zones. In the present study, a region at the center of the A-zone and one near the end of one D-zone were cut out and processed for each construct evaluated. Images were collected from the central area of each region (not at the edges).
Laser Confocal Microscopy
After labeling with phalloidin, fluorescent (for F-actin) and reflected light (for collagen fibrils) 3-D optical section images were acquired simultaneously using laser confocal microscopy (SP2; Leica, Heidelberg, Germany). A HeNe laser (633 nm) was used for reflected light, and an agon laser (488 nm) was used for fluorescent imaging of F-actin. Stacks of optical sections (z-series) were acquired by changing the position of the focal plane in 0.5-μm steps using a 63× water immersion objective (1.2 NA, 220 μm free working distance) or 2-μm steps using a 20× dry objective (0.7 NA, 590 μm free working distance). The same procedure was followed for acellular constructs.
Image Processing and Analysis
F-actin and reflected light images from 63× images were overlaid to show the pattern of cellinduced matrix reorganization. Maximum intensity projections were also generated along the z-axis. The axis of cell alignment and the projected cell length were quantified from 20× maximum intensity projections of F-actin using image analysis software (Metamorph; Molecular Devices, Sunnyvale, CA). Cell length was measured as the span of the longest chord through the cell, as previously described. 32,39 This is a measure of cell elongation and polarization along a single axis. Twenty-seven cells were analyzed for each of the six conditions studied (A-and D-zones for UN, PC, and CO constructs).
Fourier transform (FT) analysis was used to assess local collagen fibril alignment. This approach is based on the fact that the relative strength of different angle bands within the FT spectrum is an indicator of the relative number and magnitude of fibers oriented at 90° to that angle in the original image. An "orientation index" (OI) was used to quantify the degree of orientation of the collagen fibrils at each angle (θ). The OI has a value of 100% for fibers oriented parallel to θ, -100% for an orientation perpendicular to θ, and 0% for a completely random distribution. 24,32
Collagen Density
The percentage of reflected light confocal images occupied by collagen fibrils was used to quantify collagen fibril density, as previously described. 32,39 Images were thresholded manually to segment the collagen fibrils and were binarized. The number of segmented pixels was then measured from the binary image and was expressed as a percentage of the total number of pixels in the original image. All analyses were performed by a masked observer to eliminate subjectivity.
Statistical Analyses
Statistical analyses were performed (SigmaStat, version 3.11; Systat Software Inc., Point Richmond, CA). One-or two-way ANOVA was used to compare group means, and differences were considered significant if P < 0.05.
Results
Cell Morphology
Human corneal fibroblasts seeded within all three models were incubated in S+ media. Cells in the UN model had either a stellate or a bipolar morphology with numerous pseudopodial processes (Fig. 3A) . In general, cells seeded within PC and CO models (Figs. 3B, 3C ) appeared longer, more polarized, and had fewer pseudopodial processes. Cells in PC and CO matrices were aligned parallel to the x-y plane, whereas cells in UN matrices often had processes that were oriented slightly more obliquely. Consistent with our qualitative observations, quantitative analysis demonstrated a projected cell length increase within the A-zone that correlated with the increase in constraint (CO > PC > UN; P < 0.05), indicating increased cell elongation and polarization under these conditions (Fig. 4) . Cells within the D-zone were less elongated than those within the A-zone for both the PC and the CO models (P < 0.05).
Cell Alignment
Cells were aligned nearly parallel to the long axis of the construct in the A-zone of CO and PC matrices, whereas cells in UN matrices appeared randomly oriented (Fig. 5) . Quantitative analysis showed significant up-regulation of cell alignment with the long axis of the construct for both the PC and CO models compared with the UN model (Fig. 6 ). There was no difference between the PC and CO models.
In contrast, cells in the isotropic D-zone appeared randomly oriented in all three models (Fig.  5) , and quantitative analysis showed a significant decrease in cell alignment compared with the A zone in the CO and PC models (Fig. 6) . Previous studies have shown a similar pattern of cellular orientation in the PC model using much higher densities 30,31,40 ; however, the UN and CO models have received little attention.
Cell-Induced Matrix Reorganization
Color overlay images revealed differences in matrix reorganization at the ends of cells because of changes in the mechanical environment (Fig. 7) . A striking increase in ECM reorganization was observed in the A-zone of PC and CO matrices (Figs. 7D and 7F, Movie 1; movies are online at http://www.iovs.org/cgi/content/full/48/11/5030/DC1) compared with UN matrices (Fig. 7B, Movie 2 ). Differences were also observed within the D-zone of the different constructs. To quantify the cell-induced changes in the local collagen fibril orientation, FT analysis was used. For each model, 10 to 12 cells were analyzed within each zone. Image subregions at the ends of pseudopodia were used for analysis. Acellular constructs were also analyzed to investigate the potential influence of the construct geometry on the collagen organization. The magnitude of the orientation index (OI) was used to quantify the degree of collagen alignment parallel to the pseudopodial axis (OI = 100% total orientation parallel to a given θ, OI = -100% perpendicular orientation to the given θ, and OI = 0% completely random orientation).
In acellular constructs, no significant differences in the OI were identified between the different constructs and the two (A and D) zones (Fig. 8A) . Average OI values were close to zero, indicating that collagen orientation was random when cells were absent. As expected, there was a significant increase in OI in cellular constructs (Fig. 8B) . Within the A-zone, we found that increased ECM stiffness resulted in higher coalignment between the cell processes and the collagen fibrils with which they interact (CO > PC > UN; Fig. 8B ). Interestingly, OI values within the D-zone were similar to those within the A-zone in the CO and PC matrices. The distribution of tension in the D-zone is isotropic (because of stress shielding), suggesting that coalignment of cells and ECM may be dependent on ECM stiffness and not on ECM anisotropy. Surprisingly, in the UN model, the mean OI was higher in the D-zone than in the A-zone, suggesting increased stiffness in this region, perhaps because of an "edge" effect at the corners of the construct.
Finally, we assessed the relative collagen fibril density in the image subregions at the ends of cells by calculating the area occupied by collagen fibrils in the confocal images. Collagen density in the acellular constructs was generally similar, with the CO having the lowest density (Fig. 9A ). As expected, there was a significant increase in collagen density in the cellular constructs for all three models (Fig. 9B) . Collagen density at the cell ends within the A-zone was significantly higher when the ECM constraint was increased (CO > PC > UN). In the Dzone, UN values were significantly lower than PC and CO values, but there was no significant difference between PC and CO models.
To further quantify the differences between the acellular and cellular constructs, we normalized the data by subtracting the mean acellular density values for each model. Figure 10 shows more clearly the increase in collagen density as ECM constraint increases, particularly within the Azone. Taken together, these data suggest that collagen compaction is influenced by both ECM stiffness and ECM anisotropy in this model.
Cell-Cell Interactions
Isolated cells were used for our quantitative analyses. However, regions in which cells were in closer proximity were also observed. Interestingly, enhancement of cell-induced collagen reorganization was seen between these cells. For cells aligned in parallel (i.e., end to end), a linear region of compacted collagen was generally observed between the ends of the cells (Fig.  11A, Movie 3) . When cells were oriented obliquely to one another, enhancement of collagen reorganization often originated from the side of a pseudopodial process (Fig. 11B, arrow) . This sometimes resulted in the formation of compacted bands of collagen at oblique angles from the long axis of the cell (Fig. 11B, arrowhead) .
Discussion
ECM reorganization by corneal fibroblasts plays a critical role in corneal wound healing and developmental morphogenesis and in stromal tissue engineering. This study is the first, to our knowledge, to directly assess corneal fibroblast responses to ECM anisotropy. Cells showed no preferential alignment in either the A-or the D-zone of the UN construct, which is unconstrained in all directions and should therefore have relatively isotropic mechanical properties. Cells were also randomly oriented within the D-zones of the PC and CO matrices, which are also isotropic because of stress shielding by the plastic bars. 30 In contrast, corneal fibroblasts showed alignment nearly parallel to the long axis in the A-zone of the PC and CO matrices. In this region, the effective stiffness in the x-y plane is greater along the long axis than it is along the short axis. 15,30 Thus, corneal fibroblasts respond to ECM anisotropy by aligning along the axis of highest mechanical resistance. Similar differences in cell alignment between the A-and D-zones have been shown in PC matrices for human dermal fibroblasts and bone marrow stem cells. 15, 29, 31, 40 However, in these studies, cells were plated at a much higher density (1,000,000 cells/mL vs. 24,000 cells/mL). In pilot experiments, when corneal fibroblasts were plated at higher density, a similar pattern of alignment was observed. However, collagen fibrils could not be resolved using reflected light imaging, presumably because of ECM compaction beyond the resolution of the microscope. Given that our goal was to correlate the observed changes in cell alignment with local ECM reorganization, lower cell densities were used for all quantitative analysis in this study.
We used a previously described orientation index to quantify the alignment of collagen fibrils at the ends of cells. 32 Within the A-zone, we found that increased ECM stiffness resulted in higher coalignment between the cell processes and the collagen fibrils with which they interact (CO > PC > UN). Collagen density at the ends of cells within the A-zone also increased in parallel with ECM stiffness (CO > PC > UN), confirming greater cell-induced compaction of the ECM. Grinnell et al. 22 ,41 have previously reported that global contraction of attached collagen matrices (CO matrices) is Rho kinase dependent, whereas contraction of free-floating matrices (UN matrices) is not. More recently, we have demonstrated that Rho kinase also plays a central role in regulating local matrix reorganization (i.e., compaction and alignment of collagen fibrils) in attached matrices. 32 Taken together, these data suggest that cell alignment and matrix reorganization parallel to the axis of greatest ECM stiffness in CO and PC matrices is also Rho kinase dependent. Cells in the UN matrices were less elongated and had fewer stress fibers and more pseudopodial processes than cells in the PC and CO matrices. Thus, it appears that the lower stiffness in the UN model resulted in a more random pattern of cell spreading, smaller forces, and a reduction in local matrix reorganization and patterning.
Interestingly, the OI values within the D-zone were similar to those within the A-zone in the CO and PC matrices. The distribution of tension in the D-zone is isotropic (because of stress shielding), thus our results suggest that coalignment of cells and ECM may be more dependent on ECM stiffness than it is on ECM anisotropy. In contrast, ECM density was significantly reduced in the D-zone of CO matrices as compared to the A-zone. In the A-zone, collagen can more easily be compacted across the short axis of the construct because it is unconstrained. However, in the D-zone there is resistance to collagen displacement in both directions (long and short axes); thus, overall compaction of collagen is reduced. This is consistent with the "waist" that develops in the A-zone of PC constructs when seeded with a high density of cells. 29, 31, 40, 42 Overall, the anisotropic mechanical environment allows for enhancement of collagen compaction along a particular axis through the path of least resistance.
Previous studies have established that cell spreading is enhanced on more rigid 2-D substrates. 43 In this study, quantitative analysis demonstrated a projected cell length increase that correlated with the increase in internal stress (higher constraint), indicating a similar enhancement of cell spreading in our 3-D culture model. Because fibroblasts have been shown to spread and migrate preferentially along aligned collagen fibrils, 44 there may also be a positive feedback mechanism in CO matrices that leads to enhanced elongation of corneal fibroblasts as the collagen ECM at the ends of the cells becomes more aligned.
Despite the relatively low cell density used in this study, corneal fibroblasts were still able to sense and respond to the differing constraints applied at the ends of the construct. Sawhney et al. 45 showed enhanced compression of collagen perpendicular to the axis between two explants of fibroblasts within collagen matrices, leading to alignment of the fibers into a strap. It was proposed that this amplification resulted from the meshlike geometry of the collagen matrix and that analogous amplified movements might have driven morphologic changes in other biological meshes, both outside and inside the cell. Taken together with the data shown in this study, we suggest that the fibrillar structure of 3-D collagen ECMs is a good conduit for cellular force transmission.
Enhancement of cell-induced collagen reorganization was often observed between cells in regions of higher cell density. For cells aligned in parallel, this enhancement occurred between the ends of the two cells. However, when cells were not aligned in parallel, compacted bands of collagen often originated from the base of a pseudopodial process and extended at oblique angles from the cells. In previous studies using non-confocal imaging, we have demonstrated that extension of pseudopodial processes can produce ECM tension in front of the cell (because of pulling in of the collagen fibrils) and ECM compression at the base of pseudopodia (because of cellular contraction). 46,47 The two patterns of ECM organization observed in this study are entirely consistent with those observations. Overall, our data demonstrate that isolated corneal fibroblasts generally align and compact collagen parallel to the axis of greatest stiffness within anisotropic matrices but that mechanical cross-talk between cells at higher density can result in additional, more complex matrix patterning. Regions selected for imaging and further analysis were obtained from the A-and D-zones of the constructs. Shaded areas represent collagen blocks processed for confocal microscopy. Images were collected from the central area of each region (not at the edges). Maximum intensity projections demonstrating typical cell morphologies within the A-zone of the three models (UN, PC, CO). The long axis of the construct is horizontal. Note the numerous branching cell processes within the UN model; cells within the PC and CO models are bipolar. Quantitative analysis of projected cell lengths for the three models studied. Quantitative analysis of cellular alignment for the three models studied. Δθ is the difference between the long axis of the cell and the long axis of the construct (45° = random orientation; 0° = aligned with the long axis). Normalized collagen density measurements for UN, PC, and CO models. 
